ABSTRACT
INTRODUCTION
There is a constant demand in the market for compact, lightweight and more powerful electronic applications. This has lead to a trend in miniaturization of electronic components with densely packed individual substrates stacked on top of each other. The main constraint which emerges under this scenario is the thermal management of the electronic module. This is especially true for high power applications in the space and radar sectors. Popova et al. [1] has recently shown that the interlayer thermal interactions significantly affect the response of a stacked 3D module. When a number of electronic substrates are stacked on top of each other, heat dissipation due to a purely conductive substrate is severely restricted. Using heat pipes in between different layers of electronics has been proposed as a better thermal management strategy [1] . Heat pipes, capillary pumped loops (CPL) and loop heat pipes (LHP) are all part of a family of two phase thermal control systems. The liquid phase can absorb large amounts of heat from the heat source owing to its latent heat capacity, while the vapor phase, propelled by a capillary pressure gradient across the liquid/vapor interface, carries this heat to the heat sink. As a result these devices not only have low thermal resistance but can also transport heat over large distances without requiring any external power. CPLs and LHPs differ from heat pipes in the sense that the liquid and vapor phases are completely separated and travel via different channels, with a slight difference in the placement of the liquid reservoir differentiating the former two. This, and the local position of the wick in the evaporator, leads to a lower pressure drop and thereby larger heat transport in a LHP compared to a simple heat pipe. A conventional loop heat pipe is composed of evaporator and condenser sections connected by separate liquid and vapor channels. The liquid end of the evaporator is replenished with liquid from a liquid reservoir. Dickey et al. [2] shows that the operation of a CPL can be fairly accurately modeled by a pressure and energy balance around the flow loop although a number of authors have also dealt with the phenomena of liquid/vapor meniscus and its interaction with the evaporting surface [3] .
Conventional macro-scale LHPs are bulky devices which usually work on the periphery of electronic modules, carrying heat away from the outer packaging to a heat sink. With device miniaturization and trends towards stacked electronic substrates in high power devices [1] , these conventional devices are no longer satisfactory. In order to overcome various contact and spreading thermal resistances and to deal with local hotspots, we need a micro-scale loop heat pipe which can interface directly with a heat producing chip to provide localized cooling. Pettigrew et al. [4] have recently built and tested one such device to demonstrate the feasibility of phase change cooling at the microscale. The device was fabricated using MEMS microfacbrication techniques where the evaporator, condenser and connecting microchannels were etched directly onto a silicon wafer. A borofloat glass wafer containing the wicking structure was used as the capping layer. Even though the viability of a micro-scale LHP was demonstrated, device performance was relatively poor due to an ineffective wicking structure. Catastrophic wick dryout was observed even at relatively low source power levels, something we intend to address in this work.
MICRO-COLUMNATED LOOP HEAT PIPE (MLHP)
We have proposed a wafer level heat transporting device to address the issue of localized cooling of high power, high density electronics. Figure 1 shows what we call a Micro-columnated Loop Heat Pipe (MLHP). The device will be fabricated on a silicon wafer with a number of novel features designed to address various issues related to performance and reliability. Broadly, the device consists of Evaporator and Condenser sections connected by liquid and vapor Microchannels. The Evaporator section, interfaced with the heat producing chip, converts the liquid to vapor which is then conveyed to the condenser by the vapor microchannels. It contains the Micro-columnated Coherent Porous Silicon (MCPS) wicking structure specially designed to prevent catastrophic wick dryout and improve device performance. The condenser section, interfaced with a heat sink, condenses the vapor back to liquid. The liquid is then pumped back into the evaporator due to the suction force generated by the capillary wicking structure.
Micro-columnated Coherent Porous Silicon (MCPS) wicking structure
The wicking materials used in conventional macro scale loop heat pipes such as sintered copper and other metal powders are not suitable for a microscale device. Firstly, it is difficult to integrate these wicks into the natural micro-fabrication sequence of the overall device. Moreover, it is difficult to scale their capillary suction force in order to satisfy the requirements of a microscale device. A silicon based wicking structure would be ideal from the viewpoint of device integration. It has been shown that pores with very high aspect ratios and sizes ranging from nanometers to micrometers can be made in n-type silicon using a relatively simple electro-chemical etching process [5] .
To produce a pre-determined pattern of pores, etch pits are first made using lithography and subsequent alkaline etching on a 100 oriented n-type silicon wafer. Electro-chemical etching using a voltage bias is then performed with the front side of the wafer in contact with HF and the back side illuminated.
Most of the macro-scale loop heat pipes, as well as some recently proposed micro-scale versions [4] , are susceptible to device failure due to catastrophic wick-dryout. This occurs when the heat flux into the device exceeds its heat carrying capacity, resulting in the loss of vapor-liquid interface in the wick and consequently of the capillary pumping pressure. In the design of the MLHP, shown in Fig. 2 , we have tried to preclude this possibility by introducing a 2-layer wicking structure. The columnated wick can be fabricated out the primary wick using standard dry etching techniques [6] . With the device operating under normal heat flux conditions, evaporation occurs from the vapor-liquid interface in the primary and columnated wicks as well as the evaporator surface. Under high heat flux conditions, the columnated wick is expected to dry out but the primary wick would provide a backup giving the heat producing chip an increased response time in which to switch itself off after sensing higher ambient temperatures. This would allow the MLHP to return to normal operating conditions and consequently prevent device failures caused by catastrophic wick-dryout. 
DEVICE THEORY AND THEORETICAL MODELING
A proper appreciation of device physics and accurate theoretical modeling of heat transfer and fluid flow phenomena at the microscale are critical to predicting the performance of the MLHP. Models have been developed for predicting the operation of macro-scale loop heat pipes which agree very well with experimental studies [2] . An overall energy balance and a pressure balance in the fluid flow loop is used to predict the steady state operation of the loop heat pipe. Since we expect the basic thermodynamic principles to remain unchanged as a device is scaled down in size, a similar overall approach towards modeling a microscale loop heat pipe is justified [7, 8] . Nevertheless, the heat transfer and fluid flow equations that work well at the macro-scale are not guaranteed to give accurate results in the micro-scale regime [9] . Therefore we have carried out a thorough investigation of recent studies in heat transfer and fluid flow in minichannels and microchannels [10] [11] [12] [13] in order to capture proper physics at the microscale.
Energy Balance
Performing an overall every balance on the evaporator section of the MLHP gives [2] :
where Q t is the total amount of heat entering the evaporator, Q h f g is the latent heat of evaporation, and Q C p ∆T,liq and Q C p ∆T,vap are the sensible heats of the liquid and vapor respectively. These quantities are related to the mass flux through the evaporator,ṁ, as follows:
where h f g is the latent heat capacity and T s the saturation temperature of the working fluid. T l is the temperature of the liquid entering the reservoir while T v is the temperature of the vapor leaving the evaporator.
Pressure Balance
As shown in Fig. 1 , during normal operation the working fluid moves in a loop in the MLHP. The capillary pressure, developed across the liquid/vapor interface in the wick, provides the pumping action for this motion. In steady state operation, the capillary pressure gain is balanced by viscous pressure drops due to fluid flow in the wick and connecting microchannels. Performing a pressure balance across the flow loop we arrive at the following requirement:
where ∆P c is the capillary pressure gain across the vapor/liquid interface in the wick, ∆P wick is the viscous liquid pressure drop in the wick, and ∆P l and ∆P v are the viscous liquid and vapor pressure drops in liquid and vapor microchannels respectively. The capillary pressure gain across the liquid/vapor interface in the circular pores of the wick is given by the Young-Laplace equation [2, 8] :
where σ l is the surface tension of the working fluid, r is the wick pore radius and θ is the contact angle of the meniscus. For hydrophilic solids and wetting liquids, the contact angle can be assumed to be zero [8] .
The liquid microchannels, which connect the evaporator and condenser sections, are rectangular in shape. The frictional pressure drop due to the laminar flow of a viscous liquid in a rectangular microchannel is given by [10, 11] :
Here, f is the friction factor, Re is the Reynold's number, µ is dynamic viscosity of the liquid, u m is the mean flow velocity, ρ is liquid density, and K ∞ is the Hagenbach's factor for rectangular channels. Also, D h is the hydraulic diameter, A c and P w are the area of cross section and perimeter of the rectangular channel where a and b are the short and long sides of the channel respectively. The pressure drop in the circular pores of the MLHP wicking structure can be modeled by considering the laminar viscous flow of a liquid through circular microchannels [10, 12, 13] . The wick pressure drop is then given by:
f Re = 16 (13)
Vapor flow in microchannels depends not only on the Reynolds number but is also a function of the Knudsen number, Kn [14] . The continuum flow regime, for Kn < 10 −3 , is accurately modeled by compressible Navier-Stokes equations with a no-slip boundary conditon at the wall. For 10 −3 < Kn < 10 −1 rarefaction effects become important at the walls. This is called the slip flow regime and can be modeled by compressible NavierStokes equations, provided a velocity slip at the walls is taken into account. The following set of equations accurately model vapor/gas flow in rectangular microchannels in both the above regimes [14] : 
Here,ṁ NS2,rect is the vapor mass flow rate, h is 1 2 of the smaller dimension of the rectangular microchannel, P i and P o are the pressures at the inlet and outlet of the microchannel respectively while Kn ′ is the Knudsen number based on the smaller dimension of the channel. The coefficients a 1 , a 2 and a 3 are tabulated values [14] which depend on the aspect ratio of the microchannel cross section, a * = h b . λ is the mean free path of the gas molecules while k 2 is calculated using a hard sphere gas model. 
DESIGN OPTIMIZATION
Designing an optimal MLHP involves optimization of a number of design parameters, in order to maximize the heat flux carrying capacity of the system, while satisfying design criteria and constraints. Design parameters are variables which are related to the shape, size, fabrication and other characteristics of the MLHP. Initial design decisions, related to such aspects as fabrication of the device and the choice of a working fluid, fix the value of some of these design parameters. They are listed in Tab. 1 and will henceforth be referred to as design constants. Determining an optimum value for the rest of the design parameters is the primary concern of the design optimization problem. Non-design parameters are variables which, although not directly related to device design, appear in the mathematical formulation of the optimization problem. All of these unknown parameters are listed in Tab. 2.
The overall design optimization problem is formulated in Tab. 3 and Tab. 4. Table 3 gives the objective function and the equality constraints. The objective function, to be maximized, is the latent heat carrying capacity of the MLHP (Eqn. 2). The sensible heat components of the total heat carried by the MLHP (Eqn. 1) are relatively small and otherwise difficult to relate to device design. The equality constraints correspond to the energy and pressure balance requirements on the device as discussed above. H 1 states the overall pressure balance while H 2 -H 5 de- 
Vapor mass flow rate (Eqn. 15) fine the various pressure components. Table 4 explains the various inequality constraints on the design parameters. In order to achieve an optimized design for the MLHP we need to maximize the objective function subject to the given equality and inequality constraints. A preoptimization tool called Monotonicity analysis will be used to simplify the optimization problem which will subsequently be solved using a constrained numerical optimization algorithm.
Monotonicity Analysis
Monotonicity analysis is a preoptimization tool used to simplify large Constrained Optimization problems. It helps to reduce the number of possible cases leading to an optimum solution by characterizing the different constraints relevant to the problem. Inequality constraints can be active or inactive depending upon the location of the optimum solution in the feasible domain. An inequality constraint is considered active if the optimum solution lies on a domain boundary defined by the particular constraint and inactive otherwise. Similarly, a relevant equality constraint would affect the position of the optimum solution in the feasible domain whereas the optimum solution would remain unaffected in the event an irrelevant equality constraint is discarded. The terms active and relevant will be used interchangeably.
Appendix A gives the rules governing monotonicity analysis. A monotonicity table is constructed by arranging the problem parameters along the columns and the constraints along the rows. Table 5 shows the final monotonicity table obtained after the application of all the monotonicity rules as follows. The partial derivatives of the objective function and inequality constraints, given in Tab. 3 & Tab. 4, are calculated using rule 2 and represented in the monotonicity table using "+" and "-" signs. While some of these partial derivatives can be deduced analytically, others have to be calculated by numerical calculations and data plotting. The signs of partial derivatives of the equality constraints would be marked temporarily with a "?" sign. Now, at least one of the three constraints H 3 , H 4 and H 5 would have to be relevant due to parameterṁ by rule 8. As a first case we choose H 3 to be relevant and determine its derivative signs. G 4 is made active due to t wick by rule 9. G 7 is made active due to p wick by rule 9. . H 1 is made relevant due to ∆P wick by rule 9. H 4 is made relevant due to ∆P l by rule 9. H 5 is made relevant due to ∆P v by rule 9. G 8 is made active due to L l by rule 9. G 10 is made active due to L v by rule 9. G 13 is made active due to w l by rule 9. G 15 is made active due to w v by rule 9. H 2 is made relevant due to ∆P c by rule 9. At this point no more deductions from monotonicity rules are possible for this particular case. We see that all the equality constraints are relevant while the inequality constraints G 4 , G 7 , G 8 , G 10 , G 13 ,G 15 are active. We need not consider any more cases since those would only involve making 
H 4 and H 5 relevant which they are in this case. We use the active constraints to formulate analytical solutions for the optimum values for a number of design parameters as listed in Tab. 6.
Numerical Constrained Optimization
The MLHP device optimization problem, considerably simplified by monotonicity analysis, can now be solved using a nu- Table 7 lists the updated optimization problem which now involves fewer parameters and constraints. The objective is to maximize the device latent heat carrying capacity while satisfying the steady state pressure balance requirements. The primary design parameter left to be opti- 
NELS
mized is the wick pore diameter d wick while the other parameters in Tab. 7 are non-design parameters related to the mathematical formulation. Since we are seeking a numerical solution to the optimum value of d wick we will employ the actual numerical values of design constants (Tab. 1). This also assigns fixed numerical values to the rest of the design parameters previously optimized using monotonicity analysis (Tab. 6). The Nelder-Mead method, a direct search method for constrained global optimization, is used to optimize the design parameters in order to maximize the latent heat carrying capacity of the device, Q h f g . For the design constants mentioned in Tab. 1, the algorithm yields an optimum value of 0.29 µm for the wick pore diameter, d wick . The corresponding mass flow rate and latent heat carrying capacity are 64.61 mg/sec and 145 W respectively. For a 10.44 mm 2 evaporator area this amounts to a latent heat flux absorption capacity of approximately 1400 W /cm 2 per unit area of the evaporator surface.
ANALYSIS OF RESULTS
An optimum design solution has been determined for the micro-columnated loop heat pipe using a combination a monotonicity analysis and numerical constrained optimization. Regarding the length of the liquid and vapor microchannels between the vapor and condenser sections we find that designs with the smallest channel lengths would be expected to have a higher efficiency according to Tab. 6. This is confirmed by Fig. 3 which highlights the monotonous variation of optimized device heat carrying capacity with the lengths of liquid and vapor mi- crochannels. The result also makes intuitive sense, considering the fact that increased pressure drop in longer microchannels would inhibit fluid flow in the device. In practical applications, the lower limit on the length of the microchannels would primarily be dictated by the spatial separation between the heat producing chip and the external heat sink. Another important aspect of microchannel design is the width of the microchannels. Monotonicity analysis indicated that wider microchannels would increase the heat carrying capacity of the MLHP. Within the limits of fabrication constraints, microchannels with largest lateral dimensions are desirable. For the same mass flow rate, the mean fluid velocity in the microchannels is inversely proportional to the channel cross section leading to lower pressure drops for smaller cross sections.
The capillary wicking structure is the most important design component of the MLHP. From monotonicty analysis we found that thinner wicks with high porosity values are optimum. This makes intuitive sense given the fact that thinner wicks would lead to lesser pressure drops in the wicking structure while wicks with large porosity values would allow greater mass flow through the device for the same amount of pressure drop in the wicking structure. The same kind of logic however is not applicable to the wick pore diameter, d wick . Figure 4 shows that an optimum value of d wick exists for which the efficiency of the MLHP is maximized. Moreover, this optimum value, unlike the other design parameters, is sensitive to the numerical values of the rest of the device design parameters as is illustrated by Fig. 5 . A proper solution for the optimum value of wick pore diameter is therefore critical to device performance.
CONCLUSIONS
A novel microscale cooling application geared towards the localized cooling of high power electronics has been proposed. The micro-columnated loop heat pipe (MLHP), to be fabricated on a silicon wafer for direct interfacing with heat producing chips, has features designed to address various issues related to performance and reliability. Salient design features, especially the concept of a micro-columnated two stage coherent porous silicon wicking structure to prevent wick dryout, have been explained.
Detailed theoretical modeling, based on recent studies in fluid flow and heat transfer phenomena in microchannels, has been undertaken to model device behavior. A design optimization study, using a numerical implementation of the theoretical models, is performed to maximize the heat flux carrying capacity of the MLHP within given fabrication constraints. Monotonicity analysis is found to be sufficient for providing analytical solutions to the optimum values of a number of design parameters. Nevertheless, a numerical constrained optimization algorithm is required to predict the optimum value of the wick pore diameter. A device heat flux carrying capacity of approximately 1400 W/cm 2 is predicted for the optimized MLHP. This is a considerable improvement over existing high heat flux cooling technologies most of which operate in the vicinity of about 200 W/cm 2 .
